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Description 

[0001] The present invention relates to semiconduc- 
tor devices comprising polycrystalline silicon layers suit- 
able for use as electrodes for capacitors. 5 
[0002] In recent years, the memory cell size has been 
reduced accompanying the increase in the degree of in- 
tegration of DRAMs, and along with it the area or storage 
capacitors used for the cells tends to be decreased. For 
this reason, stacked capacitors or trench stacked ca- 10 
pacitors that have a large effective area for the capacitor 
part, an excellent o>ray resistance characteristic and a 
small interference between the capacitor parts have 
been employed in order to secure sufficiently high ca- 
pacitances. However, for 64 Mbit DRAMs now under de- « 
velopment each cell area is anticipated to become 
smaller than 1.5 urn 2 , so that there is required a capac- 
itor insulating film with a thickness of less than 50 A 
when converted to equivalent thickness of silicon diox- 
ide (Si0 2 ) film, even with the use of the aforementioned 20 
structures. It is extremely difficult to form such a thin ca- 
pacitor insulating film uniformly and without defect all 
over the chip. 

[0003] In order to resolve the above-mentioned prob- 
lem, ther can is conceived an idea of increasing the ef- 25 
fective areas of the opposing electrodes of a capacitor 
by providing a micro roughness on the surface thereof 
to obtain a larger electrostatic capacity for a capacitor 
of the same size. A method for increasing the opposed 
electrode areas, that is, for enlarging the effective sur- 30 
face areas, of polycrystalline silicon electrodes is dis- 
closed in "Capacitance-Enhanced Stacked-Capacitor 
with Engraved Storage Electrode for Deep Submicron 
DRAMs, Solid State Devices and Materials, 1989, pp. 
1 37-140. According to this method, the surface of a poly- 35 
crystalline silicon is coated with spin-on-glass (SOG) 
containing photoresist particles. Then the effective sur- 
face area of the polycrystalline silicon film is increased 
by providing a micro roughness the surface thereof by 
etching the SOG film, whereby etching the polycrystal- *o 
line silicon surface using the resist particles as the mask. 
[0004] However, this method has the following prob- 
lems. Namely, there are required strict control of the size 
of the resist particles and distribution of the resist parti- 
cles on the wafer with uniform density at the time of coat- 45 
ing, in addition to the complexity of the process involved. 
[0005] Patent Abstracts of Japan vol. 13, No 240 (E- 
767) (3588), 6 June 1989 & JP-A-64 042 161 concerns 
a semiconductor capacitor comprising a polycristalline 
silicon layer having an uneven surface including a plu- 50 
rality of convex portions, a dielectric layer formed on 
said polycristalline layer and a conductive layer. 

SUMMARY OF THE INVENTION 

55 

[0006] It is, therefore, an object of the present inven- 
tion to provide a semiconductor device comprising a 
polycrystalline silicon layer, a dielectric layer formed on 



said polycrystalline silicon layer, and a conductive layer 
formed on said dielectric layer, said polycrystalline sili- 
con layer having a top surface and a side surface, both 
of said top surface and said side surface being made 
uneven with a plurality of convex portions, each of said 
convex portions being defined by a hemispherical like 
shape silicon grain. 

[0007] It is another object of the invention to provide 
a semiconductor device comprising a polycrystalline sil- 
icon layer, a dielectric layer formed on said polycrystal- 
line silicon layer, and a conductive layer formed on said 
dielectric layer, said polycrystalline silicon layer having 
a top surface and a side surface, said top surface being 
made uneven with a plurality of convex portions, each 
of said convex portions being defined by a silicon grain 
of a mushroom like shape. 

[0008] The invention concerns semiconductor device 
comprising a polycrystalline silicon layer, a dielectric lay- 
er formed on said polycrystalline silicon layer, and a con- 
ductive layer formed on said dielectric layer, said poly- 
crystalline silicon layer having an uneven surface includ- 
ing a plurality of convex portions, each of said convex 
portions being defined by a silicon grain of a mushroom 
like shape, said silicon grain has a first diameter defining 
a stem of said mushroom like shape and a second di- 
ameter defining a bulging portion of said mushroom like 
shape, said first diameter being smaller than said sec- 
ond diameter. 

[0009] The present invention provides also a semi- 
conductor capacitor formed on a substrate comprising: 

a first electrode having a plurality of mushroom like 
shaped convex silicon grains creating an uneven 
surface; 

a dielectric layer formed on said first electrode with 
a thickness such that a pair of opposing surfaces of 
said dielectric layer are substantially parallel and 
substantially replicate said uneven surface of said 
first electrode; 

a second electrode formed on and conformal to said 
dielectric layer is insulated from said first electrode, 
whereby capacitance between said first electrode 
and said second electrode is increased by said 
mushroom like shape silicon grains of said uneven 
surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 0] The above and other objects, advantages and 
features of the present invention will be apparent from 
the following description taken in conjunction with the 
accompanying drawings, in which: 

Fig. 1 shows scanning electron microphotographs 
and the corresponding reflection high energy elec- 
tron diffraction (RHEED) photographs at the surface 
of the deposited film for different deposition temper- 
atures; 
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Fig. 2 is a graph showing the dependence of the 
capacitance of a fabricated capacitor, the surface 
area of the silicon film and the deposition tempera- 
ture of silicon; 

Fig. 3 is an electron microphotograph showing the 5 
surface condition of a silicon film with micro rough- 
ness taken after phosphorus diffusion; 
Fig. 4 shows a distribution diagram of the relative 
magnification at the surface area of silicon film de- 
posited at the temperature of 590°C within a 4-inch 10 
wafer; 

Fig. 5 is a graph showing the dependence of the 
leakage current on the applied voltage for the 
stacked capacitors formed at different silicon film 
deposition temperatures (590 and 640°C); '5 
Fig. 6 is a graph showing the dependence of the 
leakage current at the applied voltage for stacked 
capacitors with different silicon film deposition tem- 
peratures; 

Fig. 7 is a frequency distribution diagram for the 20 
breakdown voltage of stacked capacitors for differ- 
ent silicon electrode deposition temperatures; 
Fig. 8 is a scanning electron microphotograph of the 
film surface according to a embodiment 2 after an- 
nealing of a silicon film formed at the transition tern- 25 
perature; 

Fig. 9 is a scanning electron microphotograph 
showing the surface condition according to a em- 
bodiment 3 of a film formed by depositing a compact 
polycrystalline film at a temperature above the tran- 30 
sition temperature, on a silicon film formed at the 
transition temperature; 

Fig. 10 shows sectional views for different fabrica- 
tion processes of a stacked capacitors having a mi- 
cro roughness also on the side faces according to 35 
a embodiment 4; 

Fig. 11 shows scanning electron microphotographs 
of the cross-sections of a stacked capacitor formed 
in accordance with the fabrication method illustrat- 
ed in Fig. 10; 40 
Fig. 12 shows sectional views for different growth 
stages in the phenomenon of the growth of a silicon 
layer having a surface with micro roughness as a 
result of annealing an amorphous silicon layer on 
the substrate at a temperature above the transition *5 
temperature; 

Fig. 13 shows photographs that illustrate the phe- 
nomenon described in Fig. 12, wherein Fig. 13(a) 
shows a cylindrical amorphous silicon film prior to 
annealing and Fig. 13(b) shows a cylindrical poly- 50 
crystalline silicon film with a micro roughness taken 
after annealing; 

Fig. 14 is a graph showing the capacitance differ- 
ence of a capacitor for the cases of taking, and not 
taking, the wafer out into the atmosphere prior to 55 
the annealing; 

Fig. 15 shows sectional views for different fabrica- 
tion processes according to embodiment 6; 



Fig. 16 shows sectional views for different fabrica- 
tion processes according to an embodiment 7; 
Fig. 17 shows sectional views for different fabrica- 
tion processes of an embodiment 8; 
Fig. 1 8 shows sectional view for different fabrication 
processes according to a embodiment 9; and 
Fig. 1 9 shows a scanning electron microphotograph 
that illustrate the phenomenon described in Fig. 
18G. 

DETAILED DESCRIPTION OF THE INVENTION 

[0011] The polycrystalline silicon film having a surface 
with micro roughness can be formed based on the grain 
growth of silicon when silicon is deposited at the transi- 
tion temperature has already been mentioned in the 
above. This phenomenon can be described as in the fol- 
lowing. Namely, during the deposition of silicon at the 
transition temperature, silicon deposited is principally of 
amorphous type. If the temperature inside the furnace 
tube is kept at the transition temperature even after the 
completion of the deposition, silicon atoms that have 
been migrating in the surface of the deposited amor- 
phous silicon film start to form crystalline nuclei. Silicon 
atoms that are migrating in the vicinity of the crystal nu- 
clei are captured by the nuclei and contribute to the 
growth of the nuclei and to the increase of the size of 
the grains. As a result, there is formed a polycrystalline 
silicon film having surface with a micro roughness. 
[0012] On the other hand, when silicon is deposited 
at a temperature below the transition temperature, the 
deposited film remains as amorphous as is, with its sur- 
face being very smooth. When a film is deposited at a 
temperature above the transition temperature, it means 
the formation of an ordinary polycrystalline silicon film. 
The surface of the deposited polycrystalline silicon has 
too many nuclei, so that they can not grow each other, 
as a result, the surface remains smooth all the same. 
[0013] As in the above, one should recognize that it 
is important to deposit silicon at the transition tempera- 
ture. However, it is difficult to determine the transition 
temperature. This is because the transition temperature 
depends to some extent on the formation conditions. 
Nonetheless, the present inventors discovered that sur- 
face with a micro roughness can be obtained if silicon 
is deposited at a temperature in the range of the transi- 
tion temperature of 550 ± 10°C. It should be noted, how- 
ever, that the temperature of 550°C is the temperature 
on the outside of the furnace tube and the actual tem- 
perature of the wafer at this time was found to be 590°C 
as examined by an infrared sensor. Accordingly, if sili- 
con is deposited at a wafer temperature in the range of 
590 ± 10°C (the temperature outside the furnace tube 
being in the range of 550 ± 10°C), there can be formed 
a polycrystalline silicon film having surface with a micro 
roughness. In the description that follows the tempera- 
ture indicated will invariably refer to the wafer tempera- 
ture, and the temperature outside the furnace tube will 
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be indicated in parentheses following the wafer temper- 
ature. 

[0014] Referring to Fig. 1, the surface condition and 
the crystallinity of the silicon films formed at various dep- 
osition temperatures are shown. The deposition was 
carried out by a low pressure chemical vapor deposition 
(LPCVD) method on a silicon substrate whose surface 
is covered with an Si0 2 film. The gas used is the mixture 
of SiH 4 and He (at 20% of SiH 4 and 80% of He), and the 
pressure is 1 Torr. Figs. 1AA, 1BA, 1CA, 1DA and 1EA 
are the scanning electron microscopy (SEM) photo- 
graphs, with magnification of 100,000, of the surface of 
2500 A-thick silicon films deposited at the temperatures 
of 550°C (510°C), 580°C (540°C), 590°C (550°C), 
600°C (560°C) and 650°C (610°C), respectively. The 
space between the adjacent dots among a group of dots 
shown at the bottom of the photographs is 30 nm, and 
hence the distance from one end dot to the other end 
dot of the arrayed 11 dots is 300 nm. The acceleration 
voltage of the electron micrograph is 20 kV. Further, 
Figs. 1AB, 1BB, 1CB, 1DB and 1EB are RHEED photo- 
graphs that show crystallinity corresponding to Figs. 
1AA, 1BA, 1CA, 1DA and 1EA, respectively. 
[0015] As shown in Fig. 1 AA, the surface of the silicon 
film deposited at 550°C (510°C) is very smooth, and no 
grain growth is observed. In addition, no ringlike pat- 
terns are visible in the RHEED photograph, Fig. 1AB, 
indicating that the film is amorphous. In the film depos- 
ited at 580°C (540°C) shown in Fig. 1BA, a partial 
growth of grains is observable, coexisting with the amor- 
phous phase. Ringlike patterns appear in the RHEED 
photograph, Fig. 1BB, confirming a partial formation of 
crystals. When the deposition temperature is slightly 
raised to 590°C (550°C), hemispherical grains with di- 
ameter in the range of 300 to 1700 A, centered around 
700 A, are formed at high density, generating a micro 
roughness on the surface, drastically increasing the sur- 
face area of the film. In the RHEED photograph shown 
in Fig. 1 CB there are observable ringlike patterns, show- 
ing the occurrence of crystallization. As the deposition 
temperature is further raised to 600°C (560°C) the sur- 
face roughness becomes somewhat gentle as shown in 
Fig. 1DA. In the RHEED photograph shown in Fig. 1DB, 
dots of reflection electron diffraction become visible, in- 
dicating the formation of polycrystalline silicon with high 
orientation. When the deposition temperature is further 
raised to 650°C (610°C) which is close to the deposition 
temperature of the ordinary polycrystalline silicon used 
for LSIs or the like, the grain diameter becomes further 
increased with smooth surface as shown in Fig. 1EA, 
and there are observed the dots of reflection electron 
diffraction with the formation of polycrystalline silicon as 
shown in Fig. 1EB. 

[0016] As is clear from the above result, at the tem- 
perature (transition temperature) in the range where the 
crystal condition of the deposited silicon film makes a 
transition from the amorphous phase to the polycrystal- 
line phase, a very fine roughness is generated on the 



film surface and the surface area is increased compared 
with at other temperatures. 

[0017] A silicon film which is grown at the transition 
temperature where the crystal condition changes from 

5 the amorphous phase to the crystalline phase is consid- 
ered to lack compactness to some extent. This is esti- 
mated from the fact that the etching rate, for example, 
by a wet etching method, of a silicon film grown at the 
transition temperature is higher than that of a polycrys- 

10 talline silicon film deposited at an ordinary deposition 
temperature (a temperature higher than the transition 
temperature). 

[0018] When an extremely thin capacitor insulating 
film with thickness of 50 A is formed on the silicon film, 

*5 there is a possibility of generating pin holes in the insu- 
lating film. In order to make a silicon film deposited at 
the above-mentioned temperature to be more compact, 
it only needs to subject it to a heat treatment given at a 
temperature higher than the transition temperature, for 

20 example, a temperature higher than 640°C (600°C). 
This heat treatment will not affect the micro roughness 
in any substantial manner. Generation of pin holes can 
be precluded if a capacitor insulating film is formed sub- 
sequently. This heat treatment may be accomplished as 

25 included in the heat treatment on the occasion of impu- 
rity doping. Further, instead of giving a heat treatment 
at a temperature above the transition temperature, a 
compact polycrystalline silicon film may be deposited on 
the above-mentioned silicon having micro roughness to 

30 such an extent of thickness that will not fill in the micro 
roughness. The compact polycrystalline silicon may be 
deposited at a temperature above 600°C (560°C). In ac- 
cordance with the above-mentioned method it is possi- 
ble to form a silicon film with large surface area and 

35 small irregularity of characteristics by means of a simple 
fabrication process. By using such a silicon film as, for 
example, the electrode for the capacitor part of a semi- 
conductor memory it becomes possible to increase the 
surface area, and hence the capacitance, of the capac- 

40 itor for the same volume that is occupied by the capac- 
itor part. 

[0019] As has been mentioned in the above the tran- 
sition temperature has a certain range. When a silicon 
film is deposited at a temperature on the lower side of 

45 the range of the transition temperature, the grain diam- 
eter becomes large because the density of generation 
points of silicon nuclei on the surface of amorphous sil- 
icon is low. When a silicon film is deposited at a temper- 
ature on the higher side of the transition temperature 

50 range, the grain diameter becomes small because the 
density of generation points of silicon nuclei on the sur- 
face of amorphous silicon is high. The present inventors 
discovered that it is possible to control the size and the 
density of the grains by controlling the temperature with- 

55 in the range of the transition temperature as described 
in the above. 

[0020] Moreover, the size and the density of grains 
can also be controlled by varying the growth pressure 
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of the silicon film within the range of the transition tem- 
perature. This is because the generation of the silicon 
nuclei on the surface of amorphous silicon is sup- 
pressed due to the mixing of hydrogen into the silicon 
film if the silicon film is deposited at a low vacuum. Be- 
cause of this, the grain size becomes large. On the other 
hand, if a silicon film is deposited at a high vacuum, the 
mixing of hydrogen into the silicon film is decreased and 
the density of nucleus generation on the surface of 
amorphous silicon becomes high. Because of this, the 
grain size becomes small. As in the above, it was dis- 
covered that the size and the density of the grains can 
be controlled by controlling the deposition pressure and 
the density of hydrogen for the silicon film within the 
range of transition temperature as described in the 
above. Further, even if the pressure is constant, it is pos- 
sible to control the grain size and the grain density by 
changing the hydrogen concentration in amorphous sil- 
icon by varying the partial pressure of the material gas- 
es. 

[0021] Moreover, it was also found that it is possible 
to control the generation density of silicon nuclei on the 
surface of amorphous silicon by controlling the hydro- 
gen concentration within the silicon film by adding hy- 
drogen gas at the time of depositing the silicon film at 
the transition temperature. 

[0022] Now, embodiments that employ the aforemen- 
tioned methods will be described along with the effect 
of the present invention. 

Embodiment 1 

[0023] A stacked capacitor was trially manufactured. 
A thick Si0 2 film was formed on a silicon substrate, a 
silicon film was formed on top of it in accordance with 
the method illustrated in Fig. 1, and the product was 
used as the lower electrode of the capacitor. Phospho- 
rus was diffused into the silicon film obtained under the 
conditions of 820°C and 60 minutes, a capacitor insu- 
lating film was formed on the surface and a polycrystal- 
line silicon film that is to become the upper electrode 
was formed on top of it. The formation of the capacitor 
insulating film was accomplished by first forming an 
Si 3 N 4 film on the silicon film by an LPCVD method, then 
by oxidizing the surface of the Si 3 N 4 film. The Si 3 N 4 film 
was deposited to a thickness of 120 A at a temperature 
of 780°C and a pressure of 30Pa using a mixed gas of 
SiH 4 and NH 3 (with SiH 4 /NH 3 = 1/100), and the surface 
was oxidized at 900°C by wet 1:1 pyrogenic oxidation 
to the extent where there is obtained a thickness of 20 
A when converted to equivalent oxide film, in the 120 A 
of the Si 3 N 4 film. Under the above-mentioned conditions 
the capacitor insulating film becomes 100 A (labeled as 
deff) when converted to an equivalent Si0 3 film. If a 
smaller thickness of the capacitor insulating film, for ex- 
ample deff = 50 A, is desired, it is only needed to form 
an Si 3 N 4 film of 60 A and oxidize the film to the extent 
of an increase of 10 A when converted to an oxide film. 



It is preferable that the thickness of the capacitor insu- 
lating film is in the range of 30 to 500 A so as to enable 
the replication of the micro roughness of the lower layer 
silicon film onto the upper surface of the capacitor insu- 
5 lating film. After the formation of a capacitor insulating 
film of deff = 100 A, then a polycrystalline silicon film is 
deposited on top of it at 640°C (600°C) and phosphorus 
was diffused into it. Following that, stacked capacitors 
were obtained by dividing the sample into the dimen- 

10 sions of 1 mm x 1 mm by means of a lithography tech- 
nique and a dry etching technique. 
[0024] As a result, the dependences of the surface ar- 
ea and the capacitance of the silicon film on the depo- 
sition temperature of the lower silicon film as shown in 

*5 Rg. 2 were obtained. Namely, at the deposition temper- 
ature of Fig. 1A the surface area remains at 1 mm 2 and 
the capacitance is accordingly at a small value of 3.5 
nF. For the deposition temperature of Fig. 1B the capac- 
itance was slightly increased to 3.8 nF corresponding to 

20 a partial growth of the grain. For the deposition temper- 
ature of Fig. 1C both of the surface area and the capac- 
itance became more than twice the original values, 
namely, 2.1 mm 2 and 7.3 nF, respectively. For the dep- 
osition temperature of Fig. 1D a surface area of 1.07 

25 mm 2 and a capacitance of 3.6 nF were obtained reflect- 
ing the gentleness of the surface roughness. For the 
deposition temperature of Fig. 1E the situation barely 
differs from that of Fig. 1 A. Note that the results obtained 
at deposition temperatures other than those of Fig. 1 are 

30 also included in the figure. In either case, it is possible 
to obtain a capacitance that is more than twice as large 
that of an ordinary stacked capacitor with the same di- 
mensions if a stacked capacitor uses a silicon film de- 
posited at the transition temperature. 

35 [0025] The surface condition of a silicon film with a 
micro roughness formed once on its surface will not be 
changed substantially by a heat treatment in the subse- 
quent stage. An SEM photograph of the surface condi- 
tion when phosphorus is diffused under the conditions 

40 of 820°C and 60 minutes into the film deposited at 
590°C (550°C) shown in Fig. 1C is shown in Fig. 3. 
[0026] Fig. 4 shows the surface area distribution (rep- 
resentative points only) within a four-inch wafer when 
phosphorus was diffused into the silicon film formed at 

45 590°C (550°C). The measurement was taken using the 
stacked capacitor of Embodiment 1 . The numerical val- 
ues which indicate the ratio of the surface area with re- 
spect to that of the wafer formed at 550°C (51 0°C) show 
that the surface area increase is very uniform all over 

50 the wafer surface. In addition, its reproducibility was also 
found to be satisfactory. This uniformity prevails also be- 
tween wafers and between lots, and the reproducibility 
is also high. 

[0027] In Fig. 5 is shown the leakage current charac- 
55 teristic of the stacked capacitors obtained at the depo- 
sition temperatures of 590°C (550°C) and 640°C 
(600°C). It can be seen that the result for the former case 
is somewhat inferior to the latter case. However, in the 
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use for semiconductor memories the maximum voltage 
applied to a capacitor is 5 V (lately, 3.3 V). Therefore, 
there arises substantially no problem since there exists 
hardly any difference in the leakage current between the 
two cases up to the voltage of 5 V, and the applied volt- 
age can be reduced to one half by the use of the well- 
known 1/2 Vcc cell plate technique. 
[0028] Here, the leakage current characteristic will be 
compared when the same capacity is secured. For the 
construction of a 64 Mbit DRAM with the ordinary 
stacked capacitor structure it is said that a capacitor in- 
sulating film of about 50 A thickness when converted to 
equivalent oxide film (deff) is required if a polycrystalline 
silicon film deposited at the conventional temperature of 
about 640°C (600°C) is used as a storage electrode. 
However, by employing a silicon film in accordance with 
the present invention it becomes possible to use a ca- 
pacitor insulating film with thickness of 100 A. 
[0029] In Fig. 6 are shown the leakage current char- 
acteristic for two representative cases. As can be seen 
from the figure, the voltage by which the leakage current 
can be suppressed to below 1 x 10 -8 A/cm 2 where a ca- 
pacitor is usable as a device is 2.0 V for the conventional 
capacitor. In contrast, the corresponding voltage can be 
increased to 5.4 V in the case of using silicon of the 
present embodiment, sharply improving the leakage 
current characteristic. 

[0030] In Fig. 7 is shown the breakdown voltage dis- 
tribution for the same cases of deposition at 590°C 
(550°C) and 640°C (600°C) that are given in the lower 
and upper portions of the figure, respectively. The re- 
sults shown correspond to the measurements results 
taken by using stacked capacitors with the same struc- 
ture as in Embodiment 1 for several sheets of wafer. The 
thickness of the capacitor insulating film at this time was 
100 A. The peak value of the breakdown electric field 
intensity for the case of Si electrode deposition temper- 
ature at 590°C (550°C) is 8.7 MV/cm while the peak val- 
ue for the case of 640°C (600°C) is 9.5 MV/cm so that 
the deterioration of the former case is 0.8 MV/cm relative 
to the latter. However, in the actual use such a difference 
is of no particular concern. Moreover, the scatter of the 
breakdown electric field intensity value is comparable 
for both samples, and is very satisfactory. 

Embodiment 2 

[0031] The stacked capacitor used in the present em- 
bodiment was triaiiy manufactured in the same way as 
in Embodiment 1. In Embodiment 1 the quality of the 
silicon film deposited at the transition temperature was 
made compact by a heat treatment at the time of phos- 
phorus diffusion. In the present embodiment, however, 
the film quality was made compact by subjecting the 
sample to an annealing at a temperature above the tran- 
sition temperature prior to the formation of the capacitor 
insulating film. In Fig. 8 is shown an SEM photograph of 
the surface of a silicon film deposited at the transition 



temperature of 590°C (550°C), then annealed at 740°C 
(700°C) in a nitrogen atmosphere. There is little change 
in the surface condition from that at the time of the film 
deposition. Subsequently, phosphorus was diffused 

5 similar to Embodiment 1 , a capacitor insulating film was 
formed, a polycrystalline silicon film that is to become 
the upper electrode was deposited to form a stacked ca- 
pacitor similar to that of Embodiment 1 . Capacitance 
and surface area of a capacitor same as those of Em- 

10 bodiment 1 were obtained. They are extremely uniform 
within the wafer, from one wafer to another and from one 
lot to another as in Embodiment 1, with satisfactory re- 
producibility. As to the leakage current characteristic 
and the breakdown voltage, the result obtained was sat- 

15 isfactory, being substantially the same as at the depo- 
sition temperature of 640°C (600°C). 
[0032] Now, it is to be noted that the annealing was 
carried out at 740°C (700°C) in the present embodi- 
ment, but the compactification of the silicon film may be 

20 accomplished by an annealing for a long time at a low 
temperature such as 650°C (610°C) or by an annealing 
at a high temperature of 840°C (800°C). 

Embodiment 3 

25 

[0033] In the present embodiment, instead of the an- 
nealing in Embodiment 2, a compact silicon film was de- 
posited at a temperature above the transition tempera- 
ture on a silicon film formed at the transition tempera- 
30 ture. Here, a polycrystalline silicon film was deposited 
to a thickness of 300 A at the temperature normally 
used. Figure 9 is an SEM photograph showing the sur- 
face condition of the surface after the deposition. There 
is observed little change in the surface condition. 
35 [0034] Following the above, a stacked capacitor was 
formed in the same way as in Embodiment 2, and the 
capacitance and the surface area of the capacitor 
formed were measured. The result is similar to that of 
Embodiment 1, their value distribution within the wafer, 
to between wafers and between lots was extremely uni- 
form, and its reproducibility was excellent. Further, the 
leakage current characteristic and the breakdown volt- 
age were satisfactory, being substantially the same as 
those for the deposition temperature of 640°C (600°C). 
45 [0035] It is to be noted that it is necessary to limit the 
thickness of the silicon film to a degree which will not 
bury the micro roughness on the surface of the under- 
lying silicon film. 



[0036] In the present embodiment, a stacked capaci- 
tor having a capacitor part also on the sides faces will 
be described. 

55 [0037] First, as shown in Fig. 10a, a silicon oxide film 
2 is formed on a silicon substrate 1 with a transfer gate 
and the like formed thereon, resist 3 is applied to be pat- 
terned and the oxide film 2 is etched by dry etching (Fig. 
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10b). Then, as shown in Fig. 10c, a polycrystalline sili- 
con film 4 is deposited, and an impurity such as phos- 
phorus or arsenic is doped by thermal diffusion. The 
polycrystalline silicon film 4 is deposited by an LPCVD 
method under the normal conditions of the temperature 
of 640°C (600°C), reaction gas which is a mixture of 
SiH 4 and He (at 20 vol % of SiH 4 and 80 vol % of He) 
and pressure of 1 Torr. A silicon oxide film 5 is formed 
by a CVD method on the polycrystalline silicon film 4, 
and another polycrystalline silicon film 6 is formed on 
top of it under the same conditions as for the polycrys- 
talline silicon film 4. A resist 7 is applied on top of it to 
be patterned (Fig. 10c), and by using the resist as a 
mask dryetching is given up to the polycrystalline silicon 
film 4 (Fig. 10d). Following the removal of the resist 7 a 
silicon film 8 having surface with a micro roughness is 
deposited at 595°C (555°C) (Fig. 10e). The deposition 
conditions are the same as for the polycrystalline silicon 
film 4 except for the temperature. 
[0038] Then, the sample is annealed at 740°C 
(700°C) for 30 minutes in a nitrogen atmosphere. Next, 
phosphorus or arsenic is doped into the silicon film 8 by 
thermal diffusion. Subsequently, the sample is subject- 
ed to a reactive ion etching (RIE) that uses C£ 2 gas to 
obtain a lower electrode 8 for a stacked capacitor as 
shown in Fig. 10f. The top portion and the side faces of 
the silicon film 18 have even after the RIE a roughness 
with large area that reflects the roughness before the 
etching of the silicon film 8. In other words, the top por- 
tion and the side faces of the silicon film 18 are given a 
roughness by the replication of the roughness of the sil- 
icon film 8 onto the polycrystalline silicon film 6. Note 
that in the absence of the polycrystalline silicon film 6 
the top portion of the stacked capacitor will be lost at the 
time of RIE and there will be left only its side faces. 
[0039] Next, a capacitor insulating film 9 is formed un- 
der the same conditions as for Embodiment 1, and fur- 
ther a phosphorus-doped polycrystalline silicon film 10 
is deposited (Fig. 10g). 

[0040] In this manner, a stacked capacitor that has a 
capacitor parts formed also on the side faces and has 
a very large capacitance can be obtained. By increasing 
the thickness of the oxide film 5 it is possible to augment 
the area of the side faces and increase the capacitance 
accordingly. In Figs. 11a and 11b are shown the SEM 
photographs of the stacked capacitor formed. The mag- 
nifications of Figs. 11a and 11b are 40,000 and 25,000, 
respectively, showing approximately the same location 
of the capacitors. One of the forefront capacitors is re- 
vealing its cross section. From the figure it can be seen 
that there still remains a sufficiently well-defined rough- 
ness on the surface of the silicon film even after the dry 
etching. 

[0041] It should be mentioned here that phosphosili- 
cate glass (PSG), borophosphosilicate glass (BPSG), 
an impurity-doped polycrystalline silicon film, a silicon 
nitride film, a laminated film of some of the foregoings, 
or the like may be employed in place of the oxide film 5. 



Further, in the present embodiment the silicon film 8 
having a micro roughness in Fig. 10f was subjected as 
it is to an RIE. However, if there should be any appre- 
hension about losing the micro roughness on the side 

5 faces in the etching, it is possible to certainly protect the 
micro roughness on the side faces by thinnly covering 
the entire surface with an Si0 2 film by means of high 
temperature oxidation (HTO) CVD prior to subjecting 
the sample to the RIE. The Si0 2 film that remains on the 

10 side faces after the RIE needs only be removed by wet 
etching or the like method. 

[0042] Further, in the present embodiment described 
in the above, the polycrystalline silicon film 6 formed at 
the temperature of 640°C (600°C) was used as a film 

is for replicating the micro roughness on the silicon film 8, 
but the film 6 may be replaced by a silicon film deposited 
at or below the transition temperature. Moreover, in Em- 
bodiments 1 to 4, thermal diffusion was employed invar- 
iably for the doping to the silicon film, but there may be 

20 used ion implantation or a method in which a dopant gas 
such as PH 3 or AsH 3 is included in the material gas at 
the time of deposition may also be employed. Moreover, 
the dopant may be boron besides phosphorus and ar- 
senic. Furthermore, in Embodiments 1 to 4, an example 

25 has been shown in which a micro roughness is formed 
allover the surface of the portions of the silicon films 6 
and 8 that are to become a capacitor, but the capaci- 
tance will become larger than the case of the conven- 
tional flat polycrystalline silicon film even when the micro 

30 roughness is formed even in a portion of the film. 

[0043] A silicon film having surface with a micro 
roughness can also be formed by first forming an amor- 
phous silicon layer on a substrate, then by annealing the 
amorphous silicon layer at a temperature above the 

35 transition temperature. This phenomenon will be de- 
scribed by reference to Fig. 12. First, a flat a-Si film 12 
is deposited on a substrate such as a silicon substrate 
whose surface is covered with an Si0 2 film as shown in 
Fig. 12a. When the sample is annealed in a vacuum 

40 higher than 1 x 10 -6 Torr or in an inest gas at a temper- 
ature above the transition temperature while maintain- 
ing the substrate surface clean, polycrystalline silicon 
nuclei 13 are formed on the surface as shown in Fig. 
12b. The diffusion rate of silicon on the clean a-Si sur- 

45 face is extremely high compared with the growth rate of 
the a-Si solid phase, and silicon atoms are collected 
around the polycrystalline silicon nuclei formed on the 
surface by their diffusion in the surface, and the poly- 
crystalline silicon nuclei 14 grow in mushroom like 

50 shape or hemisphere like shape as shown in Fig. 12c. 
The growth of the nuclei 14 are continued. Finally as 
shown in Fig. 1 2d the nuclei become the grains 1 5 which 
have hemisphere like shape. 

[0044] The annealing temperature for the forming of 
55 the micro roughness on the Si surface will not give any 
substantial influence provided that it is above the tran- 
sition temperature. However, rapid heating at a high 
temperature of such as 900°C is not recommended. 
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This is because under such an annealing, crystallization 
start from not only the surface of the amorphous silicon 
film 12 but also the interior of it. making it impossible to 
grow the nuclei and obtain a substantial micro rough- 
ness on the surface. It is necessary to grow polycrystal- 
line silicon nuclei 13 first on the surface of the amor- 
phous silicon film 12. For that purpose, it is preferable 
that the annealing is given in the range of 580 to 750°C. 
However, it is possible to raise the temperature of an- 
nealing after polycrystalline silicon grains 14 are grown 
once on the surface of the amorphous silicon layer 12. 
Accordingly, if annealing is given starting with an ordi- 
nary room temperature with a predetermined gradient 
of temperature rise as in the case of heating with lamp, 
it is possible to raise the temperature to a final temper- 
ature of 800 or 900°C, thereby decreasing the time for 
conversion to polycrystalline silicon. 
[0045] Further, as is clear from the above description, 
it is possible to change the average size and the density 
of the grain projections formed from the surface of the 
amorphous silicon surface by changing the temperature 
of the heat treatment the amorphous silicon film in a non- 
oxidizing atmosphere, such as in a vacuum, in an inert 
gas or nitrogen gas. As described in the above, for the 
growth of silicon grains from the surface of the amor- 
phous silicon film it is first necessary to form nuclei which 
will act as the seeds for growing grains on the surface 
of the amorphous silicon film. The heating temperature 
substantially changes the density at which these nuclei 
are formed. When the heating temperature is high, this 
density becomes high, and the average size of the grain 
projections formed on the surface of the silicon film be- 
comes small and the density of the projections becomes 
high. When the heating temperature is low, the density 
of nucleus generation is low. Because of this, the 
number of silicon atoms supplied to each nuclei at the 
time of grain growth becomes high compared with the 
heating at high temperature. Accordingly, in the case of 
heating at low temperature, each grain grows into large 
size, making the average diameter of the projections 
large and the density the projections becomes small. 
Moreover, the average size and the density of the grain 
projections formed from the surface of the amorphous 
silicon film, at the time of forming a micro roughness 
through the formation of silicon nuclei from the surface 
of the amorphous silicon film, can also be changed by 
varying the rate of temperature rise in the vicinity of the 
temperature of silicon nuclei formation. 
[0046] Moreover, the average size and the density of 
the grain projections formed from the surface of the 
amorphous silicon surface can also be changed by var- 
ying the hydrogen concentration within the amorphous 
silicon film instead of controlling the grain size by chang- 
ing the heating temperature. Now, there exist many dan- 
gling bonds in the amorphous silicon film. These dan- 
gling bonds can be terminated by means of hydron at- 
oms. At the time of formation of the nuclei on the surface 
of the amorphous silicon film, these hydrogen atoms 



drop off, bringing some of silicon atoms to stably bonded 
state. Accordingly, when hydrogen is added at high con- 
centration, the generation density of the nuclei becomes 
low, each grain grows in large size, and the average di- 
5 ameter of the projections becomes large and the surface 
grain density becomes low. When the concentration of 
hydron addition is made low, the generation density of 
the nuclei becomes high, the average diameter of the 
grain projections becomes small and the density be- 
10 comes high. 

[0047] Further, it is also possible to form a micro 
roughness on the surface by adding conductive impuri- 
ties such as phosphorus, arsenic, or boron to the amor- 
phous silicon film. Namely, silicon atoms can also suffl- 
15 ciently freely migrate in the surface of the amorphous 
silicon film when impurities are added to the amorphous 
silicon film, and a phenomenon analogous to the case 
not adding impurities to the amorphous silicon layer can 
be induced. 

[0048] As in the above, a polycrystalline silicon film 
having surface with a micro roughness can also be 
formed by the aforementioned methods. However, it 
should be noted that a roughness cannot be formed on 
the surface even if the sample is subjected to an anneal- 
ing when the surface of the amorphous silicon film 1 2 is 
covered with a native oxidized film or impurities such as 
carbon atoms are attached to the surface. Consequent- 
ly, when the film 12 is to be processed to a predeter- 
mined shape subsequent to the formation of the film 12, 
annealing has to be given following the formation of the 
surface of the amorphous silicon film after the process- 
ing, although there will be no problem if the formation of 
the amorphous silicon film 12 and the subsequent an- 
nealing are carried out in the same furnace tube. 
[0049] In what follows embodiments that employ the 
method described in the above and their effect will be 
described. 

Embodiment 5 

[0050] An amorphous silicon film was formed using a 
molecular beam epitaxy (MBE) apparatus that is 
equipped with an electron gun type silicon evaporator 
with a volume of 40 CC. For the sample wafer, use was 
made of a 4-inch n-type silicon (1 00) substrate on which 
is formed a 2000 A-thick Si0 2 film by thermal oxidation. 
After an RCA washing the sample wafer is transferred 
to the interior of a formation chamber, and a cleaning 
was given by heating it at 800°C for one minute. After 
lowering the substrate temperature to room tempera- 
ture, the sample was irradiated with a silicon molecular 
beam of 7A/s from the electron gun type silicon evapo- 
rator to form a 2000 A-thick a-Si layer on the oxide film. 
The a-Si layer was converted to a polycrystalline silicon 
layer by heating the substrate in a vacuum higher than 
1 x 10- 6 Torr, in an inert gas or in a N 2 gas with impurity 
concentration equivalent to that degree of vacuum, by 
heating the substrate in the same vacuum chamber. 
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Whether the polycrystallization was accomplished or 
not was judged by an in-situ observation by RHEED 
technique. The substrate formed was taken out into the 
atmosphere, and it was evaluated by observing the 
cross section by means of the transmission electron mi- 
croscopy (TEM). 

[0051] A lower electrode for a stacked capacitor was 
formed under the same conditions as in the present em- 
bodiment. Namely, a wafer with an a-Si layer formed on 
an Si0 2 film that covers a silicon substrate was taken 
out of an apparatus, and was processed into a cylindri- 
cal form as shown in Fig. 13(a). The processed a-Si lay- 
er was covered with and this oxidized film was removed, 
from the surface of the a-Si layer and its surface was 
cleaned. And the substrate was subjected to an anneal- 
ing in an argon atmosphere. As a result, there was ob- 
tained a polycrystalline silicon film having surface with 
a micro roughness as shown in Fig. 13(b). A capacitor 
was manufactured by forming a 100 A-thick oxide film 
on the polycrystalline silicon film thus formed, and its 
capacitance was measured. Fig. 14 shows the depend- 
ence of the capacitance on the annealing temperature 
after the deposition of the a-Si film for the case of taking 
the sample out into the atmosphere before the anneal- 
ing and the case of not doing so. As shown in Fig. 14, 
when the sample was not taken out into the atmosphere, 
a capacitance which is about twice as large that of the 
case of taking it out into the atmosphere was obtained 
for a very wide range of annealing temperature, after the 
a-Si film was annealed. This indicates that by annealing 
the surface area became about twice as large due to the 
formation of a hemispherical micro roughness on the 
surface. On the other hand, when the sample was taken 
out once into the atmosphere and an oxide film was 
formed on the a-Si film, the capacitance does not in- 
crease by annealing, remaining at substantially the 
same value as at immediately after the formation of the 
a-Si film. The a-Si film covered with an oxide film have 
the similar capacitance value to a polycrystalline silicon 
film which is used directly to form a lower electrode ac- 
cording to the conventional method. Although the an- 
nealing was given in an argon atmosphere in the present 
embodiment, it can be given in helium (He), in nitrogen 
(N 2 ) or in a vacuum of higher than 1 x 10* 6 Torr. In ad- 
dition, the present embodiment can be applied to a sili- 
con on sapphire (SOS) substrate or a silicon on insulator 
(SOI) substrate instead of to a silicon substrate. More- 
over, in the present embodiment, the a-Si layer was 
formed in an MBE apparatus using an electron gun type 
silicon evaporation device. Moreover, it is also noted 
that a phenomenon similar to the above occurs also in 
other methods of a-Si layer formation such as a gas 
source MBE method, an LPCVD method and a sputter- 
ing method provided that the a-Si layer surface is clean. 

Embodiment 6 

[0052] The present embodiment will be described in 



its application to the electrode of simple cubic structure 
as in Embodiment 1. First, as shown in Fig. 15(a), an 
oxide film 17 was formed on a silicon substrate 16 and 
applied a resist 18 on the surface to be patterned. Then, 

5 the oxide film 17 was given a dry etching (Fig. 15(b)). 
Then, as shown in Fig. 1 5(c), a polycrystalline silicon 19 
was deposited and an impurity such as phosphorus or 
arsenic was doped by thermal diffusion. The polycrys- 
talline silicon film 19 was deposited by an LPCVD meth- 

io od under the ordinary conditions of a temperature of 
600°C and a pressure of 1 Torr using a mixed gas of 
SiH 4 and He (at 20 vol % of SiH 4 and 80 vol % of He). 
An amorphous silicon film 20 was deposited on top of it 
at 500°C. The growth conditions other than that of the 

*5 temperature are the same as for the case of deposition 
of the polycrystalline silicon film at 600°C. The amor- 
phous silicon film was coated with a resist 21 and pat- 
terned (Fig. 15(c)). Then the amorphous silicon film 20 
and the polycrystalline silicon film 19 were dry etched 

20 using the resist 21 as a mask (Fig. 1 5(d)). After removal 
of the resist 21 an amorphous silicon film 22 was depos- 
ited by an LPCVD method to a thickness of 2000 A (Fig. 
15(e)). The deposition conditions were a temperature 
51 0°C, a mixed gas of SiH 4 and He (at 20 vol % of SiH 4 

25 and 80 vol % of He) and a pressure of 1 Torr. Then, the 
amorphous silicon film 22 was processed by RIE to form 
an electrode (Fig. 15(f)). Following the above, the sur- 
face was washed with a mixed solution of ammonia and 
hydrogen peroxide in order to remove carbon contami- 

30 nation on the amorphous silicon film 22, and further, a 
natine oxide film was removed using HF or etching. 
Then, the sample was introduced into a vacuum of 1 x 
10~ 7 Torr to be heated at 600°C for one hour. As a result 
of the heat treatment, a micro roughness was formed 

35 on the electrode surface (Fig. 1 5(g)). Next, the electrode 
was heated at about 800°C. By this treatment, a con- 
ductive impurity such as phosphorus or arsenic is inject- 
ed from the lower electrode into the silicon film that has 
a micro roughness. After that, a capacitor insulating film 

40 23 and an upper electrode 24 were formed (Fig. 1 5(h)). 
The factor of surface area increase of the capacitor 
formed as in the above is very high being about 2.1 times 
that of a silicon film deposited in accordance with the 
conventional method. 

45 

Embodiment 7 

[0053] In the fabrication method of Embodiment 6 car- 
bon atoms may have a chance of being attached to the 

so surface of the amorphous silicon film after the RIE treat- 
ment. If carbon atoms remain on the amorphous silicon 
surface, a micro roughness will not be formed on the 
surface of the amorphous silicon even if it is heated in 
vacuum. Because the surface migration of the silicon 

55 atoms is restrained by the carbon atoms. These carbon 
atoms may be removed by washing with a mixed solu- 
tion of ammonia and hydrogen peroxide. However, by 
employing a method of removing carbons by reduction 
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at a tow temperature by means of an optical surface 
treatment (using a mercury lamp of wavelength of 200 
to 400 nm and intensity of 110 mW/cm 2 at pressure of 
1 Torr) that employs ozone gas a cleaner silicon surface 
can be obtained in a simple manner. Following the 5 
above treatment it is possible to start crystallization from 
the surface of the amorphous silicon film and to form a 
dense micro roughness on the surface of the silicon film 
by removing the spontaneously oxidized film and then 
subjecting the sample to a heat treatment in a vacuum 10 
or in a nonoxidizing atmosphere such as that of an inert 
gas. The relevant mechanism is illustrated in Fig. 16. 
[0054] Instead of the optical surface treatment meth- 
od using ozone gas that was employed in the embodi- 
ment 7 t an optical surface treatment method that uses is 
a halogen gas may be adopted to simultaneously re- 
move carbons, the spontaneously oxidized film and the 
portions of the silicon film sustained damage by the RIE 
from the amorphous silicon film after the RIE. Chlorine 
gas may be used as the halogen gas. Further, the lamp 20 
to be used may be a mercury lamp of wavelength 300 
to 400 nm operated at 200 m Torr and power of 110 mW7 
cm 2 . After this optical surface treatment, by subjecting 
the amorphous silicon film to a heat treatment in a vac- 
uum or in a nonoxidizing atmosphere such as that of an 25 
inert gas, crystallization can be started from the amor- 
phous silicon surface and to form a dense micro rough- 
ness on the surface of the silicon film. 

Embodiment 8 30 

[0055] Although the formation of a micro roughness 
all over the electrode of the stacked capacitor as in the 
above is an effective method for increasing the effective 
surface area. But it is not always advantageous to form 35 
the micro roughness ail over the surface for the reason 
of the structure of the device. Under these circumstanc- 
es, there will be proposed a fabrication method which 
makes it possible to selectively grow a micro roughness 
only at those locations where the formation of the micro *o 
rougness is desired. 

[0056] The fabrication method will be described below 
with a dual cylinder structure as an example. 
[0057] First, as shown in Fig. 17(a), a silicon nitride 
film 25 and an oxide film 17 were formed on a silicon 45 
substrate 16. Then a resist 26 was applied to the surface 
and patterned. Then the oxide film 17 and the silicon 
nitride film 25 were dry etched, as shown in Fig. 17(b). 
The resist 1 6 was removed. A polycrystalline silicon film 
27 was deposited as shown in Fig. 17(c) by an LPCVD 50 
method under the ordinary conditions of a temperature 
of 600°C, a reaction gas which is a mixture of SiH 4 and 
He (at 20 vol % of SiH 4 and 80 vol % of He) and at a 
pressure of 1 Torr. Then an impurity such as phosphorus 
or arsenic was doped by thermal diffusion. An high tern- 55 
perature oxide (HTO) CVD oxide film 28 was deposited 
on top of it to a thickness of 4000 A under the deposition 
conditions of a temperature of 600°C, a reaction gas 



which is a mixture of SiH 4 , He (at 20 vol % of SiH 4 and 
80 vol % of He) and N 2 0 gas (in the flow rate of one in 
SiH 4 + He to five in N 2 0) and a pressure of 1 Torr. A 
resist 29 was applied on the surface of the oxide film 28 
and then patterned (Fig. 17(c)). The oxide film 28 was 
dry-etched using the resist 29 as a mask. Then the resist 
29 was removed and an amorphous silicon film 30 was 
deposited to a thickness of 1500 A (Fig. 17(d)). Follow- 
ing the above, the amorphous silicon 30 and a part of 
polycrystalline silicon film 27 was processed by RIE to 
form an electrode (Fig. 17(e)). Then, the carbon con- 
tamination on the amorphous silicon film was removed 
by washing with a mixed solution of ammonia and hy- 
drogen peroxide. Then the spontaneously oxidized film 
was removed by using HF. Next, the sample was intro- 
duced to a vacuum of 1 x 10~ 7 Torr and was subjected 
to a heat treatment at 600°C for one hour. A micro rough- 
ness was formed on the electrode surface by this heat 
treatment (Fig. 17(f)). Then the oxide film 28 between 
the pieces of the electrode 31 was removed by wet etch- 
ing by using a mixed solution of HF and water in the ratio 
of 1 to 100. Finally, a capacitor was completed by de- 
positing a capacitor insulating film 32 and a phosphorus- 
doped polycrystalline silicon film 33 (Fig. 17(g) and 17 
(h))- 

Embodiment 9 

[0058] This embodiment shows the method for fabri- 
cating cylinder like shaped electrode having micro 
roughness on the surface. This electrode serves as a 
stacked capacitor electrode. 

[0059] First, as shown in Fig. 18a, a silicon oxide film 
17 is formed on a silicon substrate 16. Then a silicon 
nitride film 34 is formed on the silicon oxide film 17 and 
a resist 18 is coated on this film 34 and patterned. Using 
the patterned resist 18 as a mask, the silicon nitride film 
34 and the silicon oxide film 17 are etched by dry etch- 
ing, and thereafter the resist 18 is removed (Fig. 18b). 
Next, as shown in Fig. 18c, a polycrystalline silicon film 
19 is deposited, and an impurity such as phosphorus or 
arsenic is doped by thermal diffusion. Then the polycrys- 
talline silicon film 19 is etched back till the upper surface 
of the silicon nitride film 34 is exposed, and it is remained 
only in the through hole of the silicon oxide film 1 7. Then 
an amorphous silicon film 35 is deposited on the silicon 
nitride film 34 and a silicon oxide film 36 is deposited by 
the CVD method at the temperature of 550°C (510°C). 
The thickness of the silicon oxide film 36 is defined by 
the height of the desired electrode. Next, as shown in 
Fig. 18c, a resist 37 is coated on the silicon oxide film 
36 and patterned. Using the resist 37 as a mask, the 
silicon oxide film 36 and the amorphous silicon 35 are 
etched by dry etching and the resist 37 is removed (Fig. 
18d). Then, an amorphous silicon film 37 is deposited 
on the silicon oxide film 36 and the amorphous silicon 
film 35 by the same fabrication method of the amor- 
phous silicon film 35 (Fig. 18e). Then, the amorphous 
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silicon film 37 is etched back till the top surface of the 
silicon oxide film 36 is exposed (Fig. 18f). Then the sil- 
icon oxide film 36 is removed by the HF process. But 
this process produce a native oxide film on the amor- 
phous silicon 35, 37. To remove the native oxide film, 
this film is mashed with a mixed solution of ammonia 
and hydrogen peroxide and mashed with the solution of 
HF. After this cleaning of the amorphous silicon surface, 
the sample is annealed under the condition of a temper- 
ature of 600°C, a pressure of 1 Torr and an annealing 
time of 10 minutes. By this treatment, the amorphous 
silicon 35, 37 become a polycrystalline silicon 38 have 
the micro roughness on its surface (Fig. 18g). Fig. 19 is 
a scanning electron microscopy photograph of the real 
sample of Fig. 18g. After this sample is taken out in air, 
the sample is ion implanted under the condition of a con- 
centration of phosphorus 10 20 atoms/cm 3 and a angle 
of incidence 7 degrees, so that the surface part of the 
polycrystalline silicon 38 contains high concentration of 
phosphorus. Then the sample is annealed at a temper- 
ature of 800°C to activate the impurity of phosphorus 
and treatment for the lower electrode of a stacked ca- 
pacitor is completed. Then, like embodiment 1 , a capac- 
itor insulating film 39 is formed on the polycrystalline sil- 
icon 38 and a phosphorus-doped polycrystalline silicon 
film 40 is deposited (Fig. 18h). 
[0060] In this embodiment 9, the silicon nitride film 34 
may be omitted and the amorphous silicon film 35 may 
be deposited on the surface of the silicon oxide film 17. 
[0061] It should be mentioned that the shape of the 
storage electrode with a micro roughness for a stacked 
capacitor may be a plain cubic structure, a cylindrical 
structure, a fin-type structure or a stacked trench type. 

Claims 

1. A semiconductor device comprising a polycrystal- 
line silicon layer, a dielectric layer formed on said 
polycrystalline silicon layer, and a conductive layer 
formed on said dielectric layer, said polycrystalline 
silicon layer having a top surface and a side surface, 
both of said top surface and said side surface being 
made uneven with a plurality of convex portions, 
each of said convex portions being defined by a 
hemispherical like shape silicon grain. 

2. The device as claimed in claim 1 , wherein said hem- 
ispherical like shape silicon grain has a diameter in 
a range of 30 to 170 nm. 

3. A semiconductor device comprising a polycrystal- 
line silicon layer, a dielectric layer formed on said 
polycrystalline silicon layer, and a conductive layer 
formed on said dielectric layer, said polycrystalline 
silicon layer having a top surface and a side surface, 
said top surface being made uneven with a plurality 
of convex portions, each of said convex portions be- 



ing defined by a silicon grain of a mushroom like 
shape. 

4. The device as claimed in claim 3, wherein said 
5 mushroom like shape silicon grain has a diameter 

in range of 30 to 170 nm. 

5. The device as claimed in claim 3, wherein said side 
surface of said polycrystalline silicon layer is made 

10 uneven with a plurality of convex portions, each of 
said convex portions being defined by a silicon grain 
of a mushroom like shape. 

6. A semiconductor device comprising a polycrystal- 
15 line silicon layer, a dielectric layer formed on said 

polycrystalline silicon layer, and a conductive layer 
formed on said dielectric layer, said polycrystalline 
silicon layer having an uneven surface including a 
plurality of convex portions, each of said convex 

20 portions being defined by a silicon grain of a mush- 
room like shape, said silicon grain has a first diam- 
eter defining a stem of said mushroom like shape 
and a second diameter defining a bulging portion of 
said mushroom like shape, said first diameter being 

25 smaller than said second diameter. 

7. The device as claimed in claim 1 , wherein said poly- 
crystalline silicon layer, said dielectric layer and said 
conductive layer are employed as a lower elec- 

30 trode, a dielectric and an upper electrode of a ca- 
pacitor in a dynamic memory cell, respectively. 

8. The device as claimed in claim 3, wherein said poly- 
crystalline silicon layer, said dielectric layer and said 

35 conductive layer are employed as a lower elec- 
trode, a dielectric and an upper electrode of a ca- 
pacitor in a dynamic memory cell, respectively. 

9. The device as claimed in claim 5, wherein said poly- 
40 crystalline silicon layer, said dielectric layer and said 

conductive layer are employed as a lower elec- 
trode, a dielectric and an upper electrode of a ca- 
pacitor in a dynamic memory cell, respectively. 

45 10. A semiconductor capacitor formed on a substrate 
comprising: 

a first electrode having a plurality of mushroom 
like shaped convex silicon grains creating an 

50 uneven surface; 

a dielectric layer formed on said first electrode 
with a thickness such that a pair of opposing 
surfaces of said dielectric layer are substantial- 
ly parallel and substantially replicate said une- 

55 ven surface of said first electrode; 

a second electrode formed on and conformal to 
said dielectric layer is insulated from said first 
electrode, whereby capacitance between said 
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first electrode and said second electrode is in- 
creased by said mushroom like shape silicon 
grains of said uneven surface. 

11. The device as claimed in claim 10, wherein said sil- 
icon grain has a first diameter defining a stem of 
said mushroom like shape and a second diameter 
defining a bulging portion of said mushroom like 
shape, said first diameter being smaller than said 
second diameter 

12. The device as claimed in claim 11, wherein said di- 
electric thickness is in the range of 30 angstroms to 
500 angstroms. 

13. The device as claimed in claim 12, wherein said di- 
electric is comprised of Si 3 N 4 and Si0 2 . 

14. The device as claimed in claim 13, wherein said 
second electrode is made of polycrystalline silicon. 

15. The device as claimed in claim 10, wherein said in- 
creased capacitance is at least two times the ca- 
pacitance of a capacitor with a first electrode having 
an ordinary polycrystalline silicon surface. 

Patentanspruche 

1. Halbleitervorrichtung, die eine polykristalline Silici- 
umschicht, eine dielektrische Schicht, die auf der 
polykristallinen Siliciumschicht ausgebildet ist, und 
eine leitende Schicht aufweist, die auf der dielektri- 
schen Schicht ausgebildet ist, welche polykristalli- 
ne Siliciumschicht eine obere Oberflache und eine 
Seitenoberflache aufweist, wobei sowohl die obere 
Oberflache als auch die seitliche Oberflache mit ei- 
ner Vielzahl von konvexen Bereichen uneben ge- 
macht ist, wobei jeder der konvexen Bereiche durch 
ein Siliciumkorn mit halbkugelahnlicher Form gebil- 
det ist. 

2. Vorrichtung nach Anspruch 1, bei der das halbku- 
gelahnlich geformte Siliciumkorn einen Durchmes- 
ser im Bereich von 30 bis 170 nm hat. , 

3. Halbleitervorrichtung, die eine polykristalline Silici- 
umschicht, eine dielektrische Schicht, die auf der 
polykristallinen Siliciumschicht ausgebildet ist, und 
eine leitende Schicht aufweist, die auf der dielektri- 
schen Schicht ausgebildet ist, wobei die polykristal- 
line Siliciumschicht eine obere Oberflache und eine 
Seitenoberflache aufweist, welche obere Oberfla- 
che mit einer Vielzahl von konvexen Bereichen un- 
eben gemacht ist, wobei jeder der konvexen Berei- 
che durch ein Siliciumkorn einer pilzahnlichen Form 
defmiert ist. 



4. Vorrichtung nach Anspruch 3, bei der das pilzahn- 
lich geformte Siliciumkorn einen Durchmesser im 
Bereich von 30 bis 170 nm hat. 

5 5. Vorrichtung nach Anspruch 3, bei der die Seiten- 
oberflache der polykristallinen Siliciumschicht un- 
eben mit einer Vielzahl von konvexen Bereichen ge- 
macht ist, wobei jeder der konvexen Bereiche durch 
ein Siliciumkorn einer pilzahnlichen Form definiert 

10 ist. 

6. Halbleitervorrichtung, die eine polykristalline Silici- 
umschicht, eine dielektrische Schicht, die auf der 
polykristallinen Siliciumschicht ausgebildet ist, und 

15 eine leitende Schicht aufweist, die auf der dielektri- 
schen Schicht ausgebildet ist, welche polykristalli- 
ne Siliciumschicht eine unebene Oberflache auf- 
weist, die eine Vielzahl von konvexen Bereichen 
einschlielit, wobei jeder der konvexen Bereiche 

20 durch ein Siliciumkorn einer pilzahnlichen Form de- 
finiert ist, welches Siliciumkorn einen ersten Durch- 
messer aufweist, der einen Stiel der pilzahnlichen 
Form definiert, und einen zweiten Durchmesser 
aufweist, der einen sich wblbenden Teil der pilzahn- 

25 lichen Form definiert, wobei der erste Durchmesser 
kleiner ist als der zweite Durchmesser. 

7. Vorrichtung nach Anspruch 1, bei der die polykri- 
stalline Siliciumschicht, die dielektrische Schicht 

30 und die leitende Schicht als eine untere Elektrode, 
ein Dielektrikum und eine obere Elektrode eines 
Kondensators in einer dynamischen Speicherzelle 
verwendet werden. 

35 8. Vorrichtung nach Anspruch 3, bei der die polykri- 
stalline Siliciumschicht, die dielektrische Schicht 
und die leitende Schicht als eine untere Elektrode, 
ein Dielektrikum und eine obere Elektrode eines 
Kondensators in einer dynamischen Speicherzelle 
40 verwendet werden. 

9. Vorrichtung nach Anspruch 5, bei der die polykri- 
stalline Siliciumschicht, die dielektrische Schicht 
und die leitende Schicht als eine untere Elektrode, 

45 ein Dielektrikum und eine obere Elektrode eines 
Kondensators in einer dynamischen Speicherzelle 
verwendet werden. 

10. Halbleiterkondensator, der auf einem Substrat aus- 
50 gebildet ist, der aufweist: 

eine erste Elektrode mit einer Mehrzahl von 
pilzahnlich geformten konvexen Siliciumkor- 
nern, die eine unebene Oberflache erzeugen; 

55 

eine dielektrische Schicht, die auf der ersten 
Elektrode mit einer solchen Dicke ausgebildet 
ist, daB zwei gegenuberliegende Oberflachen 
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derdielektrischen Schicht im wesentlichen par- 
allel sind und im wesentlichen die unebene 
Oberflache der ersten Elektrode nachbilden; 

eine zweite Elektrode, die auf der dielektri- 
schen Schicht gebildet ist und mit derselben die 
gleiche Form hat, die von der ersten Elektrode 
isoliert ist, wobei die Kapazitat zwischen der er- 
sten Elektrode und der zweiten Elektrode durch 
die Siliciumkorner mit pilzahnlicher Form der 
unebenen Oberflache erhoht wird. 

11. Vorrichtung nach Anspruch 10, bei der das Silicium- 
korn einen ersten Durchmesser, der einen Stiel der 
pilzahnlichen Form definiert, und einen zweiten 
Durchmesser aufweist, der einen sich wolbenden 
Teil der pilzahnlichen Form definiert, wobei der er- 
ste Durchmesser kleiner ist als der zweite Durch- 
messer. 

12. Vorrichtung nach Anspruch 11, bei der das Dielek- 
trikum eine Dicke im Bereich von 30 Angstrom bis 
500 Angstrom hat. 

13. Vorrichtung nach Anspruch 12, bei der das Dielek- 
trikum aus Si 3 N 4 und Si0 2 besteht. 

14. Vorrichtung nach Anspruch 13, bei der die zweite 
Elektrode aus polykristallinem Silicium hergestellt 
ist. 

15. Vorrichtung nach Anspruch 10, bei der die erhohte 
Kapazitat wenigstens zweimal die Kapazitat eines 
Kondensators betragt, der eine erste Elektrode auf- 
weist, die eine gewohnliche polykristalline Silicium- 
oberflache hat. 



Revendications 

1. Dispositif a semiconducteur comprenant une cou- 
che de silicium polycristallin, une couche dielectri- 
que formee sur ladite couche de silicium polycris- 
tallin, et une couche conductrice formee sur ladite 
couche dielectrique, ladite couche de silicium poly- 
cristallin ayant une surface superieure et une sur- 
face laterale, ladite surface superieure et ladite sur- 
face laterale etant toutes les deux rendues irregu- 
lieres avec une pluralite de parties convexes, cha- 
cune desdites parties convexes etant definie par un 
grain de silicium de forme hemispherique. 

2. Dispositif selon la revendication 1 , dans lequel ledit 
grain de silicium de forme hemispherique a un dia- 
metre dans la plage de 30 a 170 nm. 

3. Dispositif a semiconducteur comprenant une cou- 
che de silicium polycristallin, une couche dielectri- 



que formee sur ladite couche de silicium polycris- 
tallin, et une couche conductrice formee sur ladite 
couche dielectrique, ladite couche de silicium poly- 
cristallin ayant une surface superieure et une sur- 
5 face laterale, ladite surface superieure etant rendue 
irreguliere avec une pluralite de parties convexes, 
chacune desdites parties convexes etant definie 
par un grain de silicium en forme de champignon. 

10 4. Dispositif selon la revendication 3, dans lequel ledit 
grain de silicium en forme de champignon a un dia- 
metre dans la plage de 30 a 170 nm. 

5. Dispositif selon la revendication 3, dans lequel la- 
J5 <jite surface laterale de ladite couche de silicium po- 
lycristallin est rendue irreguliere avec une pluralite 
de parties convexes, chacune desdites parties con- 
vexes etant definie par un grain de silicium en forme 
de champignon. 

20 

6. Dispositif a semiconducteur comprenant une cou- 
che de silicium polycristallin, une couche dielectri- 
que formee sur ladite couche de silicium polycris- 
tallin, et une couche conductrice formee sur ladite 

25 couche dielectrique, ladite couche de silicilum po- 
lycristallin ayant une surface irreguliere incluant 
une pluralite de parties convexes, chacune desdi- 
tes parties convexes etant definie par un grain de 
silicium en forme de champignon, ledit grain de si- 

30 licium ayant un premier diametre definissant un 
pied de ladite forme de champignon et un second 
diametre definissant une partie bombee de ladite 
forme de champignon, ledit premier diametre etant 
inferieur audit second diametre. 

35 

7. Dispositif selon la revendication 1 , dans lequel la- 
dite couche de silicium polycristallin, ladite couche 
dielectrique et ladite couche conductrice sont utili- 
ses comme electrode inferieure, comme dielectri- 

40 que et comme electrode superieure d'un condensa- 
tes dans une cellule de memoire dynamique, res- 
pectivement. 

8. Dispositif selon la revendication 3, dans lequel la- 
45 dite couche de silicium polycristallin, ladite couche 

dielectrique et ladite couche conductrice sont utiii- 
sees comme electrode inferieure, comme dielectri- 
que et comme electrode superieure d'un condensa- 
tes dans une cellule de memoire dynamique, res- 
50 pectivement. 

9. Dispositif selon la revendication 5, dans lequel la- 
dite couche de silicium polycristallin, ladite couche 
dielectrique et ladite couche conductrice sont utili- 

55 sees comme electrode inferieure, comme dielectri- 
que et comme electrode superieure d'un condensa- 
tes dans une cellule de memoire dynamique, res- 
pectivement. 
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10. Condensateur a semiconducteur forme sur un 
substrat comprenant : 

une premiere electrode ayant une pluralite de 
grains de silicium convexes en forme de cham- 5 
pignon creant une surface irreguliere ; 
une couche dielectrique formee sur ladite pre- 
miere Electrode avec une epaisseur telle 
qu'une paire de surfaces opposees de ladite 
couche dielectrique sont sensiblement paralle- to 
les et reproduisent sensiblement ladite surface 
irreguliere de ladite premiere electrode ; 
une seconde electrode formed sur et conforme 
a ladite couche dielectrique, qui est isolee de 
ladite premiere electrode, la capacite entre la- 15 
dite premiere Electrode et ladite seconde elec- 
trode etant ainsi accrue par lesdits grains de 
silicium en forme de champignon de ladite sur- 
face irreguliere. 

20 

11. Dispositif selon la revendication 10, dans lequel le- 
dit grain de silicium a un premier diametre definis- 
sant un pied de ladite forme de champignon et un 
second diametre definissant une partie bombee de 
ladite forme de champignon, ledit premier diametre 25 
etant inferieur audit second diametre. 

12. Dispositif selon la revendication 11, dans lequel la- 
dite epaisseur de dielectrique est dans la plage de 

30 angstroms a 500 angstroms. 30 

13. Dispositif selon la revendication 12, dans lequel le- 
dit dielectrique comprend du Si 3 N 4 et du Si0 2 . 

14. Dispositif selon la revendication 13, dans lequel la- 35 
dite seconde electrode est composee de silicium 
polycristallin. 

15. Dispositif selon la revendication 10, dans lequel la- 
dite capacite accrue est au moins egale a deux fois *o 
la capacite d'un condensateur dont une premiere 
electrode a une surface de silicium polycristallin or- 
dinaire. 
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FIG. 10(g) 
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FIG. 15(a) 
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FIG. 17(d) 
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